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Abstract—In this work, we analyze the performance of full-
duplex relay selection (FDRS) in spectrum-sharing networks.
Contrary to half-duplex relaying, full-duplex relaying (FDR)
enables simultaneous listening/forwarding at the secondary re-
lay(s), thereby allowing for a higher spectral efficiency. However,
since the source and relay simultaneously transmit in FDR, their
superimposed signal at the primary receiver should now satisfy
the existing interference constraint, which can considerably limit
the secondary network throughput. In this regard, relay selection
can offer an adequate solution to boost the secondary throughput
while satisfying the imposed interference limit. We first ana-
lyze the performance of opportunistic FDRS with residual self-
interference (RSI) by deriving the exact cumulative distribution
function of its end-to-end signal-to-interference-plus-noise ratio
under Nakagami-m fading. We also evaluate the offered diversity
gain of relay selection for different full-duplex cooperation
schemes in the presence/absence of a direct source-destination
link. When the adopted RSI link gain model is sublinear in the
relay power, which agrees with recent research findings, we show
that remarkable diversity gain can be recovered even in the
presence of an interfering direct link. Second, we evaluate the
end-to-end performance of FDRS with interference constraints
due to the presence of a primary receiver. Finally, the presented
exact theoretical findings are verified by numerical simulations.
Keywords—diversity gain, full-duplex, opportunistic relay selec-
tion, outage performance, self-interference, spectrum sharing.
I. INTRODUCTION
SPECTRUM sharing represents one paradigm for the cel-ebrated cognitive radio technology in which adequate
means are offered to resolve the scarcity problem of wireless
resources [1], [2]. Also known as underlay cognitive radio,
spectrum sharing allows the traffic of secondary cognitive users
to coexist with that of the primary spectrum users as long as a
certain interference level is not exceeded. In particular, when
the secondary source and destination are spatially isolated,
relay assistance becomes inevitable to establish successful
communication via relay listening/forwarding, while satisfying
the coexistence constraints with the primary user.
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Cognitive relay networks (CRNs) continue to draw a no-
ticeable interest in the wireless communications community
for their coverage extension capabilities under an efficient
spectrum usage [3]. Adhering to the interference constraints
in underlay networks, however, can considerably limit the
throughput of the secondary system, especially when a single
relay is leveraged to assist the communication between the
secondary source and its far destination. To tackle such a
challenge, relay selection [4], [5] was introduced to underlay
CRNs, and it was shown to offer remarkable performance
gains relative to its fixed relaying counterpart. Cognitive relay
selection was fairly investigated in the literature under the
relaying strategies of amplify-and-forward (AF) [6], [7] and
decode-and-forward (DF) [8], [9].
All the aforementioned efforts considered the conventional
half-duplex relaying (HDR). However, HDR suffers from a
spectral efficiency loss when compared to direct transmission
(DT) due to its time-orthogonal relay listening/forwarding.
More recently, full-duplex communications experienced seri-
ous developments that brought the first full-duplex node proto-
types into reality [10], [11]. These developments motivated fur-
ther research in cooperative contexts where simultaneous lis-
tening/forwarding was allowed by full-duplex relaying (FDR),
thereby eliminating the known rate loss of HDR. Since then,
recent efforts were directed to study FDR in several directions,
for instance, in CRNs [12], [13], and with relay selection [14]–
[24]. These research endeavors and practical potentials have
motivated the International Telecommunication Union (ITU)
to recommend FDR as one of two full-duplex communication
settings for employment in future fifth-generation (5G) cellular
networks [25], [26].
A. Related Work
In [13], a cognitive underlay setting is studied in which a
secondary network shares the spectrum with a primary network
under a certain interference constraint. The secondary system
comprises a source, a destination and a full-duplex DF re-
lay. Under the aforementioned interference constraint, optimal
source and relay power allocation was investigated with the ob-
jective to minimize the end-to-end outage probability. In [14],
[15], Krikidis et al. studied the outage performance of AF full-
duplex relay selection (FDRS) with residual self-interference
(RSI), when no direct link exists between the source and the
destination. For DF networks, FDRS was briefly discussed in
[16], however only the simple case of non-fading RSI link was
considered, and the adverse effect of the interfering direct link
in FDR was not accounted for. In [17], DF FDRS was studied
under Rayleigh fading while accounting for the effect of a
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Fig. 1: A spectrum-sharing network with full-duplex relaying.
fading RSI link, yet the direct link was assumed unavailable. In
[18], the authors have studied DF FDRS under Rayleigh fading
while jointly taking into account the effects of fading RSI and
direct links, in an underlay setting where a primary receiver
imposes an interference constraint. The authors also analyzed
the performance of DF FDRS in [19] under Nakagami-m fad-
ing in the absence of spectrum sharing. A similar setting was
also briefly discussed in [20] for Nakagami-m fading, where
the relay selection is performed based only on the strength
of the self-interference channel. However, the direct source-
destination link was assumed unavailable in [20], and also no
analysis was provided. The results in [17] have been recently
extended in [21] to Nakagami-m fading scenarios when no
direct link exists in the presence of a primary receiver. Also
recently, [22] has studied the extension of the selective DF
(SDF) FDR protocol proposed by the authors in [27], [28] to
the FDRS setting under Nakagami-m fading without spectrum
sharing constraints. The work in [23] considered partial relay
selection, based on the link strengths of only the first hop,
under Rayleigh fading and without a direct source-destination
link when multiple primary users exist. The interested reader is
also referred to [24] for a recent comprehensive survey, listing
the latest research endeavors on the topic.
B. Contribution
Despite its anticipated performance merits, the incorporation
of relay selection techniques into cognitive FDR networks
remained untackled to the best of the authors’ knowledge till
the work by the authors in [18]. In this work, we aim at
bridging this gap by introducing relay selection to cognitive
FDR networks and analyzing its offered performance gains. In
underlay settings with FDR, the performance of the secondary
users can be seriously limited due to the fact that now
the superimposed source and relay interference components
should satisfy the existing interference constraint which was
previously imposed in HDR on each transmit node at a time.
In this regard, relay selection techniques can offer an adequate
solution to boost the secondary network throughput. Moreover,
in full-duplex systems, the analysis of the end-to-end diversity
gain highly depends on the proper modeling of the RSI link.
Based on the available cancellation techniques at that time,
earlier modeling considered the RSI link gain to scale linearly
with the transmit power of the full-duplex node [29]. More
recently, new passive suppression and active analog/digital
cancellation techniques were suggested and analyzed [30]–
[32]. These techniques propose a different scaling trend, where
the adaptive cancellation methods may actually succeed to
yield a nearly constant level of the average RSI link gain while
varying the relay power. Thus, considering a model that spans
the whole range of linear, sublinear and constant power scaling
is crucial for the performance evaluation of FDR. This general
model has been adopted in the recent literature [28], [33].
Our contribution in this paper is summarized as follows:1
• We derive the exact cumulative distribution function
(CDF) for the end-to-end signal-to-interference-plus-
noise ratio (SINR) of opportunistic FDRS in the pres-
ence/absence of a direct source-destination link in ad-
dition to a spectrum-sharing constraint, where all links
experience Nakagami-m fading. The end-to-end SINR
CDF is obtained and compared for two cooperation
classes, namely, 1) multihop cooperation [34], where
information is distilled only from the relayed path, and
2) selective block cooperation [22], [27], [28], where
the direct information from the source is additionally
leveraged at the destination. When a direct source-
destination link exists, the SINR values of the different
relaying paths become mutually dependent, which we
account for in the analysis. Also, DT can take place if
the direct link supports higher instantaneous rate than
those offered through relaying.
• From the derived CDF expressions, we analyze the
diversity gains offered by FDRS in the presence/absence
of direct source-destination link. When the adopted RSI
link gain model is sublinear in the relay power, which
agrees with recent research findings [30]–[32], we show
that a remarkable diversity gain can be achieved even
for the simpler multihop cooperation protocols which
treat the direct link as interference to the relayed paths.
This result gets around a known drawback in FDR in
the recent literature where a zero diversity order, i.e.,
an error floor, was encountered even in the absence of
RSI due to the interfering direct link adverse effect.
We also show that hybrid multihop-based FDRS/DT
achieves the same diversity order of the SDF-FDRS.
Since multihop cooperation adopts a simpler end-to-
end transmission/decoding approach, it may be favored
over the class of selective cooperation when decoding
complexity represents a major concern.
• We compare the performance of the considered full-
duplex cooperative schemes to that of their half-duplex
counterparts for different scaling trends of the RSI, also
in the presence of a primary receiver.
1While this work was in progress, preliminary results were accepted for
presentation in IEEE ICC Wkshps’15 [18] for the spectrum-sharing setting
under Rayleigh fading, and in IEEE CAMAD’15 [19] for the non-spectrum-
sharing setting under Nakagami-m fading. The currently presented work
reports the full results for the spectrum-sharing setting under Nakagami-m
fading which subsumes the results in [18] and [19] as special cases. Also
presented is the diversity analysis of the FDRS protocols, as well as the relative
performance to the half-duplex relay selection (HDRS) protocols.
3II. SYSTEM MODEL
We consider the underlay cognitive setting depicted in Fig.
1. As shown, a secondary source (S) intends to communicate
with a secondary destination (D) in the presence of a primary
receiver (P). In agreement with similar recent studies of
underlay cognitive settings, for instance in [8], the primary
source is assumed to be far enough that its interference
effect on the secondary system can be reasonably ignored.
The direct secondary source-destination link is assumed of a
relatively weak gain due to distance and shadowing effects.
Hence, a full-duplex relay is utilized to assist the end-to-end
secondary communication, taking the interference constraint
on the primary receiver into account. Although FDR can offer
higher spectral efficiency when compared to its half-duplex
counterpart, it introduces an additional challenge in cognitive
settings where higher interference levels may be experienced
by the primary user of the spectrum band, due to simultaneous
source/relay transmissions. Also, FDR suffers from an RSI
level which imposes an additional communication challenge.
In this regard, relay selection is proposed as an adequate
mean to alleviate the aforementioned interference problems.
Specifically, the secondary system has the additional degree
of freedom to select one relay out of a cluster of K full-
duplex relays, R = {R1,R2, · · · ,RK}. Relay selection is
widely known to offer the same diversity order of scenarios
where the transmissions of multiple cooperating relays are
combined, yet it has the advantage of maintaining a simple
transmitter/receiver structure. In cognitive scenarios, relay se-
lection remains of a particular payoff as it offers the ability to
pick the best relay in terms of a certain performance criterion
while maintaining the interference limit on the primary user.
The relay selection process can be governed either via a
distributed [4] or a centralized fashion [5]. For example, a
distributed scheme can be possibly adopted for the considered
setting, where each relay estimates the receive channel state
information (CSI) of its own incoming link from the source.
Also, it estimates the CSI of its outgoing link from the
previously received acknowledgement (ACK) packet from the
destination while leveraging channel reciprocity. Accordingly,
a local reverse timer is triggered at each relay based on its end-
to-end channel quality, where the better the channel condition
is, the faster the timer expires. All relays operate in a listening
mode within this phase, allowing the relay with the first
expired timer to transmit, while all other relays accordingly
backoff. Such a reverse timer/backoff method is widely known
for distributed wireless multiple access purposes [4]. When a
direct source-destination link exists, the destination is assumed
to additionally feedback its CSI within the ACK packet of the
previous transmission. Since an underlay setting is considered,
no cooperation is assumed between the primary and secondary
networks. Nonetheless, the relays are assumed to overhear
the ACK packets sent from the primary receiver to its own
source, and hence, locally estimate its channel, also utilizing
channel reciprocity. It can be easily noticed that only local
link strengths are required here, aided by simple feedback
from the destination. Hence, the overhead does not scale with
the number of relays. It should be also noted here that this
knowledge is only required for the relay selection at the upper
layers of the communication protocol stack. Such a knowledge
is not required for the communication process itself over
the physical layer. Hence, further enhancements to the relay
selection process at the upper layers remain possible, however,
this lies beyond the scope of the current paper.
A. Channel Model
The fading coefficient of the i−j link is denoted by hij , for
i ∈ {S,K} and j ∈ {K,D,P}, where K = {1, 2, · · · ,K} de-
notes the set of relay indices. The i−j link gain is denoted by
gij = |hij |2. The relays operate in full-duplex mode where si-
multaneous listening/forwarding is allowed with an introduced
level of loopback interference. The link gain hkk,∀k ∈ K,
represents the RSI after undergoing all possible isolation and
cancellation techniques, as for instance in [35]. All channels
are assumed to follow a block fading model, where hij remains
constant over one block, and varies independently from a
block to another according to a Nakagami-m fading model
with shape parameter mij and average power E {gij} = piij .
Accordingly, gij is a Gamma-distributed random variable (RV)
with shape parameter mij and scale parameter θij =
piij
mij
, for
which we use the shorthand notation gij ∼ G (mij , θij). For
a Gamma RV X ∼ G (m, θ), the probability density function
(PDF) and the CDF are given by
fX (x;m, θ) =
xm−1e−
x
θ
Γ (m)θm
and FX (x;m, θ) =
γ
(
m, xθ
)
Γ (m)
, (1)
respectively, where γ (a, b) =
∫ b
0
ta−1e−tdt denotes the lower
incomplete Gamma function, and Γ (a) denotes the Gamma
function [36]. All channel fading gains are assumed to be
mutually independent. The source and the kth relay powers
are denoted by PS and Pk, respectively. Also, nk and nD
denote the complex additive white Gaussian noise (AWGN)
components at the kth relay and the destination, with variance
σ2k and σ
2
D, respectively.
As commonly assumed in the literature, for instance in [8],
we consider the relays to be clustered somewhere between
the source and the destination. Hence, the distances among
the relays are much shorter than those between the relays
and the source/destination. Thus, it is reasonable to assume
the symmetric scenario where all source-relay links have an
average gain of E{gSk} = piSR, while all relay-destination
links have an average gain of E{gkD} = piRD, ∀k ∈ K. Also,
we assume that all relays have their RSI links with the same
average gain, i.e., E{gkk} = piRR. All relays have the same
average gain to the primary receiver, denoted as piRP. Further,
it is assumed that mSk = mSR, mkD = mRD, mkk = mRR
and mkP = mRP, for all k ∈ K. Although the analysis of
asymmetric scenarios remains possible, the previous assump-
tions allow for simpler final expressions, and yet maintain the
same diversity order of the system. Therefore, it follows that
θSk = θSR, θkD = θRD, θkk = θRR and θkP = θRP for all
k ∈ K. Finally, we assume that σ2k = σ2D = 1, while all relays
have the same transmit power Pk = PR.
4B. Signal Model
When the kth relay is selected, the received signals at the
kth relay and destination at time t are given, respectively, by
yk[t] =
√
PShSkxS[t] +
√
P δRhkkxk[t] + nk[t], (2)
yD[t] =
√
PRhkDxk[t] +
√
PShSDxS[t] + nD[t], (3)
where Pi and xi[t] denote the transmit power and the transmit
symbol at time t at node i ∈ {S,R}, respectively, while ni[t]
represents the AWGN component at node i ∈ {R,D} at time
t. It is assumed that the RSI term proportionally scales with
P δR, where 0 ≤ δ ≤ 1, covering the range from constant to
linear scaling with the relay power. Without loss of generality,
all AWGN components are assumed of unit variance.
Due to the source and relay asynchronous transmissions, the
signal transmitted by the relay (source) is considered in this
class as an additional noise term at the relay (destination) as
commonly treated in the related literature [35]. Accordingly,
the received SINRs at the kth relay and at the destination are
given respectively by
γSk =
PSgSk
P δRgkk + 1
and γkD =
PRgkD
PSgSD + 1
. (4)
Since only the information via the multi-hop path is lever-
aged, this protocol is referred to in the recent literature
as the multi-hop decode-and-forward (MHDF) protocol.
Underlay Cognitive Setting: In an underlay setting, the
introduced interference level on node P is constrained not to
exceed a certain threshold, Ith. Thus, when the kth relay is
selected, the interference constraint is given by
Ik = ISP + IkP ≤ Ith, (5)
where ISP = PSgSP and IkP = PRgkP are the interference
components imposed on the primary receiver due to the source
and the kth relay, respectively, while Ik denotes their sum.
When no relays are selected while a direct source-destination
link exists, the interference constraint is simply given by
ISP ≤ Ith. (6)
III. FULL-DUPLEX RELAY SELECTION
We first derive the end-to-end SINR CDF for opportunistic
MHDF FDRS with/without a direct S−D link. Specifically,
when K DF full-duplex relays are available, the end-to-end
SINR is given by
γe2e = max
k∈K
{γk} , (7)
where
γk = min {γSk, γkD} . (8)
In the absence of a direct link, γkD is calculated for γSD =
PSgSD = 0. The expression in (7) also applies to the scenario
where the direct link exists, yet it is treated as mere interfer-
ence. Alternatively, if DT is taken into account as a possible
diversity branch, the end-to-end SINR is given by
γe2e = max
{
max
k∈K
{γk} , γSD
}
. (9)
In what follows, we derive the exact end-to-end SINR CDF for
three MHDF scenarios; 1) no direct link (NDL), 2) interfering
direct link (IDL) and 3) hybrid IDL/DT.
A. CDF of Link SINRs
1) First Hop: According to the channel model explained in
Section II-A, the CDF of the SINR pertaining to the first hop
of the kth path is given as
FγSk (x) = FZ (x;p1) , (10)
where p1 =
(
mSR, PSθSR,mRR, P
δ
RθRR
)
, while FZ (x;p) is
given in the following remark [37], [38].
Remark 1 (CDF of Z = X1X2+1 ): The CDF of Z =
X1
X2+1
,
where Xi ∼ G (mi, θi), for i ∈ {1, 2}, are independent but
not identically distributed (i.n.i.d.) RVs, for general real-valued
m1 ≥ 12 and integer-valued m2 ≥ 1, is given by [37], [38]:
FZ (z;p) =
γ
(
m1,
z
θ1
)
Γ (m1)
+B
m2−1∑
k=0
c−d
θ2
k
W a,b (c), (11)
where p = (m1, θ1,m2, θ2) is a vector of distribution parame-
ters, γ (α, β) =
∫ β
0
tα−1e−tdt is the lower incomplete Gamma
function, W a,b (c) is the Whittaker function [36, Eq. 13.1.33],
a = m1−k−12 , b =
−m1−k
2 , c =
z
θ1
+ 1θ2 , d =
m1+k+1
2 and
B =
exp
(
− 12
(
z
θ1
− 1θ2
))
Γ (m1)
(
z
θ1
)m1
. (12)
2) Second Hop: Since the direct link signal-to-noise ratio
(SNR), γSD, is a common RV among all the multi-hop paths,
all the second-hop gains are clearly correlated. However, they
are conditionally independent given γSD = β. Thus, in the
presence of a direct link, we are only interested in the condi-
tional distributions of the second-hop gains given γSD = β,
which follow γkD|γSD ∼ G
(
mRD,
PRθRD
β+1
)
, ∀k ∈ K. On
the other hand, when no direct link exists, it is clear that
γkD|γSD ∼ G (mRD, PRθRD).
3) The kth Multi-Hop Path: According to (8) and with the
above-mentioned distributions of the hop SINRs, the condi-
tional CDF of the SINR over the kth path given the direct
link SNR γSD = β is given by
Fγk|γSD(x|β) = 1− FZ (x;p1)FX
(
x;mRD,
PRθRD
β + 1
)
, (13)
where F (·) = 1−F (·) denotes the complementary CDF. It is
clear that in the absence of a direct link, the CDF of the kth
path SINR is given by
Fγk(x) = 1− FZ (x;p1)FX (x;mRD, PRθRD) . (14)
5B. CDF of End-to-End SINR
1) NDL: In the absence of a direct link, the end-to-end SINR
CDF has the following simple form:
FNDLγe2e (x) =
(
1− FZ (x;p1)FX (x;mRD, PRθRD)
)K
, (15)
which is explicitly given in (16) for real-valued mSR and mRD,
and integer-valued mRR.
2) IDL: When a direct link exists, yet treated as interference
to the multi-hop paths, the end-to-end SINR CDF is given by
F IDLγe2e(x) =
∫ ∞
0
Fγk|γSD(x|β)Kfx (β;mSD, PSθSD) dβ
=
K∑
k=0
C(x, k) I1, (17)
with
I1 =
∫ ∞
0
Γ
(
mRD,
x(β+1)
PRθRD
)
k
Γ (mRD)k
βmSD−1e−
β
PSθSD dβ,
C(x, k) =
(
K
k
) (−FZ (x;p1))k
Γ (mSD)(PSθSD)
mSD ,
where the binomial expansion is utilized in the last step. We
are now interested in solving the integral I1. Using the finite
series expansion of the upper incomplete Gamma function in
[39, Eq. 8.352-2], for integer values of mRD, we get
I1 =
∫ ∞
0
e− x(β+1)PRθRD mRD∑
n=1
(
x(β+1)
PRθRD
)n−1
Γ (n)

k
βmSD−1e−
β
PSθSD dβ
= e
− xkPRθRD
∑
∑mRD
n=1 kn=k
C{kn}I2, (18)
where
I2 =
∫ ∞
0
(β + 1)D{kn}βmSD−1e−βηkdβ, (19)
ηk =
(
1
PSθSD
+
xk
PRθRD
)
, (20)
C{kn} =
Γ (k + 1)
(
x
PRθRD
)∑mRD
n=1 kn(n−1)∏mRD
n=1 (Γ (kn + 1)Γ (n)
kn)
, (21)
D{kn} =
mRD∑
n=1
kn(n− 1), (22)
with (18) obtained via the multinomial theorem [36, Section
24.1.2]. By substitution of variables, y = β + 1, I2 in (19) is
the Riemann-Liouville integral in [39, Eq. 3.383-4]. Hence,
I2 = eηk
∫ ∞
1
yD{kn}(y − 1)mSD−1e−yηkdy
= e
ηk
2 η
−mSD+D{kn}+12
k Γ (mSD)
×W D{kn}−mSD+1
2 ,−
mSD+D{kn}
2
(ηk). (23)
Accordingly, F IDLγe2e(x) is given by (24) for integer-valued mRR
and mRD, and real-valued mSR and mSD.
3) Hybrid IDL/DT: When the S − D link is leveraged as
an additional diversity path, γSD = β is bounded above by x.
Hence, the CDF expression is similar to that of the IDL case,
however with the upper integration limit changed to x to be
F IDL/DTγe2e (x) =
∫ x
0
Fγk|γSD(x|β)Kfx (β;mSD, PSθSD) dβ. (25)
The evaluation of such an integral follows the same steps,
except that the integral I2 is changed to
I˜2 =
∫ x
0
(β + 1)D{kn}βmSD−1e−βηkdβ
=
D{kn}∑
r=0
(
D{kn}
r
)∫ x
0
βr+mSD−1e−βηkdβ
=
D{kn}∑
r=0
(
D{kn}
r
)
η
−(r+mSD)
k γ (r +mSD, xηk), (26)
for integer-valued mSD due to the use of the binomial theorem,
with the last integral evaluated using [39, Eq. 3.381-1]. Hence,
F IDL/DTγe2e (x) is finally given by (27) for real-valued mSR and
integer-valued mRR, mRD and mSD.
4) Selective decode-and-forward: Unlike the previous non-
selective multi-hop protocols, selective block full-duplex coop-
eration is recently studied in [27], [28]. In this class, both the
multi-hop path and the direct path are simultaneously exploited
as two information-bearing paths. In order to leverage the
information in the two paths in the presence of their relative
delay, a block transmission scheme is adopted [27]. When
SDF is considered, the instantaneous SINR in the first hop via
the kth relay, its virtual multiple-input single-output (MISO)
channel with the source and the kth relay as the transmitter
side, and the direct link are given, respectively, by
γSk =
PSgSk
P δRgkk + 1
, (28)
γ(S,k)→D ≈ PRgkD + PSgSD, (29)
γSD = PSgSD. (30)
The relay selection protocol is assumed to adopt an incremental
relaying fashion, where the DT is favored as long as it can by
itself support the end-to-end communication. Otherwise, one
of the relays assists. Seeking the highest instantaneous SNR
when opportunistic relay selection is adopted, the end-to-end
SNR via the best relay is accordingly given by
γe2e = max
{
max
k∈K
{
min
{
γSk, γ(S,k)→D
}}
, γSD
}
. (31)
From the link gains independence, we notice that the SNRs
of all K paths are conditionally independent given the direct
link SNR γSD. Thus, the end-to-end SNR CDF is given by
F SDFγe2e (x) =
∫ x
0
(
F SDFγk|γSD(x|β)
)K
fγSD(β)dβ, (32)
where F SDFγk|γSD(x|β) is raised to the Kth power due to the
independent and identically distributed (i.i.d.) link gains.
The conditional CDF of the kth path given the direct link
6FNDLγe2e (x) =
(
1−
Γ
(
mRD,
x
PRθRD
)
Γ (mSR)Γ (mRD)
(
Γ
(
mSR,
x
PSθSR
)
− e−
1
2
(
x
PSθSR
− 1
Pδ
R
θRR
)(
x
PSθSR
)mSR
×
mRR−1∑
l=0
(
x
PSθSR
+ 1
P δRθRR
)−mSR+l+12
(
P δRθRR
)l W mSR−l−1
2 ,
−mSR−l
2
(
x
PSθSR
+
1
P δRθRR
)))K
.
(16)
F IDLγe2e (x) =
K∑
k=0
(K
k
) e( 12PSθSD− xk2PRθRD )
(PSθSD)
mSD Γ (mSR)k
(
e
− 1
2
(
x
PSθSR
− 1
Pδ
R
θRR
) (
x
PSθSR
)mSR
×
mRR−1∑
l=0
(
x
PSθSR
+ 1
PδRθRR
)−mSR+l+1
2
(
P δRθRR
)l W mSR−l−1
2
,
−mSR−l
2
(
x
PSθSR
+
1
P δRθRR
)
− Γ
(
mSR,
x
PSθSR
))k
×
∑
∑mRD
n=1 kn=k
Γ (k + 1)
(
x
PRθRD
)∑mRD
n=1 kn(n−1)∏mRD
n=1
(
Γ (kn + 1)Γ (n)kn
) η−mSD+∑mRDn=1 kn(n−1)+12k W ∑mRDn=1 kn(n−1)−mSD+1
2
,−mSD+
∑mRD
n=1 kn(n−1)
2
(ηk).
(24)
F IDL/DTγe2e (x) =
K∑
k=0
(K
k
) e− xkPRθRD
Γ (mSD) (PSθSD)
mSD Γ (mSR)k
(
e
− 1
2
(
x
PSθSR
− 1
Pδ
R
θRR
) (
x
PSθSR
)mSR
×
mRR−1∑
l=0
(
x
PSθSR
+ 1
PδRθRR
)−mSR+l+1
2
(
P δRθRR
)l W mSR−l−1
2
,
−mSR−l
2
(
x
PSθSR
+
1
P δRθRR
)
− Γ
(
mSR,
x
PSθSR
))k
×
∑
∑mRD
n=1 kn=k
Γ (k + 1)
(
x
PRθRD
)∑mRD
n=1 kn(n−1)∏mRD
n=1
(
Γ (kn + 1)Γ (n)kn
)
∑mRD
n=1 kn(n−1)∑
r=0
(∑mRD
n=1 kn(n− 1)
r
)
η
−(r+mSD)
k γ (r +mSD, xηk).
(27)
gain is given, for 0 ≤ β ≤ x, by
F SDFγk|γSD(x|β) = 1− F SDFγSk|γSD(x|β)F SDFγ(S,k)→D|γSD(x|β)
≈ 1− FZ (x;p1)FX (x− β;mRD, PRθRD) ,
since γ(S,k)→D ≈ γRD + γSD ≥ γSD. Hence,
F SDFγe2e (x) ≈
∫ x
0
(
1− FZ (x;p1)
Γ
(
mRD,
x−β
PRθRD
)
Γ (mRD)
)K
× β
mSD−1e−
β
PSθSD
Γ (mSD) (PSθSD)
mSD dβ
(33)
=
K∑
k=0
(
K
k
)(
− FZ (x;p1)
)k
1
Γ (mSD) (PSθSD)
mSD
×
∫ x
0
(
Γ
(
mRD,
x−β
PRθRD
)
Γ (mRD)
)k
βmSD−1e−
β
PSθSD dβ︸ ︷︷ ︸
Iˆ1
,
(34)
where the binomial theorem is utilized in the last step. For
integer mRD, we can use the following series expansion for
the upper regularized Gamma function [39, Eq. 8.352-2]:
Γ
(
mRD,
x−β
PRθRD
)
Γ (mRD)
= e
− x−βPRθRD
mRD−1∑
m=0
(
x−β
PRθRD
)m
Γ (m+ 1)
. (35)
Hence,
Iˆ1 = e−
kx
PRθRD
∑
∑mRD
n=1 kˆn=k
Cˆ{kˆn}Iˆ2, (36)
where
Iˆ2 =
∫ x
0
(x− β)Dˆ{kˆn}βmSD−1e−βηˆkdβ, (37)
ηˆk =
(
1
PSθSD
− k
PRθRD
)
, (38)
Cˆ{kˆn} =
Γ (k + 1)
(
1
PRθRD
)∑mRD
n=1 kˆn(n−1)
∏mRD
n=1
(
Γ
(
kˆn + 1
)
Γ (n)kˆn
) , (39)
7Dˆ{kˆn} =
mRD∑
n=1
kˆn(n− 1), (40)
with (49) obtained via the multinomial theorem. Now, the
integral Iˆ2 in (37) is on the form of the Riemann-Liouville
integral in [39, Eq. 3.383-1] when ηˆk ≤ 0. Hence,
Iˆ2 = xDˆ{kˆn}+mSDB
(
Dˆ{kˆn} + 1,mSD
)
×1F1
(
mSD; Dˆ{kˆn} +mSD + 1;−xηˆk
)
. (41)
On the other hand, when ηˆk > 0, we can use the change of
variables y = x− β and again use [39, Eq. 3.383-1] to get
Iˆ2 = e−xηˆkxDˆ{kˆn}+mSDB
(
mSD, Dˆ{kˆn} + 1
)
×1F1
(
Dˆ{kˆn} + 1; Dˆ{kˆn} +mSD + 1;xηˆk
)
. (42)
Finally, substituting back, we get the end-to-end SNR CDF
shown in (43).
IV. UNDERLAY COGNITIVE RELAY SELECTION
There exists an interference threshold, Ith, that the sec-
ondary system cannot exceed. Now, we are interested in the
probability to have L out of the K available relays that satisfy
the interference constraint Ith. Let us denote this probability
by PL. We first start with the scenarios where the direct link
is not leveraged.
A. No Direct S−D Link
When no S − D link exists, the end-to-end SNR CDF is
given as
FNDLγe2e (x) =
K∑
L=0
FNDLγe2e (x|L)PL, (44)
where FNDLγe2e (x|L) is that derived in the previous section
when L relays are available. The same expression also applies
to the IDL scenario where the direct link is not leveraged.
Specifically,
F IDLγe2e (x) =
K∑
L=0
F IDLγe2e (x|L)PL. (45)
Now, we derive the probability of L feasible relays, PL.
When the kth relay is active, the interference constraint is
given by (5). Unlike half-duplex cognitive relay settings, full-
duplex operation causes a superposition of the source and
relay interference at the primary receiver. Since the source
interference is a common random variable when any of the K
relays is selected, the superimposed interference signals are
correlated. However, they are conditionally independent given
ISP. Conditioned on ISP = β ≥ 0, the probability that the kth
relay is feasible is given by
FIk|ISP(Ith|β) =
{
FX (Ith − β;mRP, PRθRP) , if Ith > β,
0, elsewhere.
(46)
Accordingly, conditioned on ISP = β for 0 ≤ β ≤ Ith, and
due to the considered symmetric scenario, PL|ISP(β) is given
in terms of a binomial distribution as
PL|ISP(β)=
(
K
L
) L∑
l=0
(
L
l
)
(−1)l
Γ
(
mRP,
Ith−β
PRθRP
)
Γ (mRP)
K−L+l,
(47)
where the binomial expansion is again utilized. It is straight-
forward to see that when β > Ith, PL|ISP(β) = 0 for
L = 1, 2, · · · ,K, while PL|ISP(β) = 1 for L = 0. Hence,
for the case when L = 0, the support of β is 0 ≤ β ≤ ∞,
while it is 0 ≤ β ≤ Ith for 1 ≤ L ≤ K. Now, we can obtain
PL for L = 1, 2, · · · ,K as
PL =
(
K
L
) L∑
l=0
(
L
l
)
(−1)l
Γ (mSP) (PSθSP)
mSP Iˇ1, (48)
where
Iˇ1 =
∫ Ith
0
Γ
(
mRP,
Ith−β
PRθRP
)
Γ (mRP)
K−L+lβmSP−1e− βPSθSP dβ.
The integral in the last step can be evaluated with the aid of
the multinomial theorem expansion as previously done in (34).
Specifically, it is given by
Iˇ1 = e−
(K−L+l)Ith
PRθRP
∑
∑mRP
n=1 kˇn=K−L+l
Cˇ{kˇn}Iˇ2, (49)
where
Iˇ2 =
∫ Ith
0
(Ith − β)Dˇ{kˇn}βmSP−1e−βηˇldβ, (50)
ηˇl =
(
1
PSθSP
− K − L+ l
PRθRP
)
, (51)
Cˇ{kˇn} =
Γ (K − L+ l + 1)
(
1
PRθRP
)∑mRP
n=1 kˇn(n−1)∏mRP
n=1
(
Γ
(
kˇn + 1
)
Γ (n)kˇn
) , (52)
Dˇ{kˇn} =
mRP∑
n=1
kˇn(n− 1), (53)
with (49) obtained via the multinomial theorem [36, Section
24.1.2]. The integral Iˇ2 in (50) is on the form of the Riemann-
Liouville integral in [39, Eq. 3.383-1] when ηˇl < 0. Hence,
Iˇ2 = IDˇ{kˇn}+mSPth B
(
Dˇ{kˇn} + 1,mSP
)
×1F1
(
mSP; Dˇ{kˇn} +mSP + 1;−Ithηˇl
)
. (54)
When ηˇl > 0, we can again use the change of variable y =
Ith − β and then [39, Eq. 3.383-1] to get
Iˇ2 = e−IthηˇlIDˇ{kˇn}+mSPth B
(
mSP, Dˇ{kˇn} + 1
)
×1F1
(
Dˇ{kˇn} + 1; Dˇ{kˇn} +mSP + 1; Ithηˇl
)
. (55)
8F SDFγe2e (x) ≈
K∑
k=0
(
K
k
)(
−
Γ
(
mSR,
x
PSθSR
)
Γ (mSR)
+
exp
(
− 12
(
x
PSθSR
− 1
P δRθRR
))
Γ (mSR)
(
x
PSθSR
)mSR
×
mRR−1∑
l=0
(
x
PSθSR
+ 1
P δRθRR
)−mSR+l+12
(
P δRθRR
)l W mSR−l−1
2 ,
−mSR−l
2
(
x
PSθSR
+
1
P δRθRR
))k
× 1
Γ (mSD) (PSθSD)
mSD e
− kxPRθRD
∑
∑mRD
n=1 kˆn=k
Cˆ{kˆn}Iˆ2. (43)
Therefore, PL is finally given by (56).
For L = 0, P0 is given by
P0 =
∫ Ith
0
Γ
(
mRP,
Ith−β
PRθRP
)
Γ (mRP)
K
× β
mSP−1e−
β
PSθSP
Γ (mSP) (PSθSP)
mSP dβ +
Γ
(
mSP,
Ith
PSθSP
)
Γ (mSP)
. (57)
Again, the integral involving higher powers of the upper
regularized Gamma function is solved via its series expansion,
multinomial theorem, then with the aid of the Riemann-
Liouville integral in [39, Eq. 3.383-1] for
(
1
PSθSD
− KPRθRP
)
<
0 to yield (58) or, alternatively for
(
1
PSθSD
− KPRθRP
)
> 0, we
get (59) with
D´{k´n} =
mRP∑
n=1
k´n(n− 1). (60)
B. Leveraging the Direct S−D Link
This case applies to the protocols which leverage the infor-
mation that directly arrives at the destination from the source,
i.e., in the IDL/DT and SDF protocols. The analysis of PL
follows directly from the NDL case for L = 1, 2, · · · ,K. How-
ever, when the direct S−D link is leveraged, communication
can still take place even when no feasible relays exist. Thus,
the event with probability P0 in the NDL case is now further
split into two sub-events. Specifically, communication can still
succeed in the sub-event when the sum of the source and relay
transmissions do not satisfy the interference constraint for all
relays but the source alone does. Let us denote the probability
of this sub-event by P˜0. It is then given by
P˜0 = P
{(
K⋂
k=1
(Ik > Ith)
)
∩ (ISP ≤ Ith)
}
. (61)
Note that Ik depends on ISP. Nonetheless, {Ik}Kk=1 are mu-
tually independent given ISP, and distributed as in (46).
Finally, when ISP > Ith, with probability P0 − P˜0, com-
munication fails, resulting in an end-to-end SNR of γe2e = 0.
Hence, the distribution is a unit-step function at γe2e = 0. We
can now write the end-to-end SNR CDF as
FDLγe2e(x) =P0 − FγSD (x) P˜0 +
K∑
L=1
FDLγe2e(x|L)PL, (62)
with DL ∈ {IDL/DT,SDF}. P˜0 is simply given as
P˜0 = P0 −
Γ
(
mSP,
Ith
PSθSP
)
Γ (mSP)
. (63)
V. DIVERSITY ANALYSIS OF FULL-DUPLEX RELAY
SELECTION PROTOCOLS
In this section, we analyze the diversity order offered by
each of the cooperative protocols under consideration.
A. MHDF-NDL
By setting PS = PR = P , and substituting the outage
threshold η into the derived CDF expressions under Rayleigh
fading (m = 1 for all fading links), the outage probability is
given by
PNDLout (P ) =
(
1− e
− aP
1 + bP δ−1
)K
, (64)
where a = η
(
1
piSR
+ 1piRD
)
and b = η piRRpiSR . As P increases,
e−
a
P approaches 1− aP . Hence,
PNDLout (P ) ≈
(
bP δ + a
bP δ + P
)K
. (65)
Therefore, the diversity order is given by
DNDL = lim
P→∞
K
(
b+P 1−δ
b+aP−δ
)
log (P )
= K(1− δ). (66)
B. MHDF-IDL
By substituting PS = PR = P and x = η for Rayleigh
fading, we get
P IDLout (P ) =
K∑
k=0
(
K
k
)( −e− aP
1+bP δ−1
)k
ck
≈
K∑
k=0
(
K
k
)( aP−1−1
bP δ−1−1
)k
ck
,
(67)
9PL =
(
K
L
) L∑
l=0
(
L
l
)
(−1)le−
(K−L+l)Ith
PRθRP
Γ (mSP) (PSθSP)
mSP
∑
∑mRP
n=1 kˇn=K−L+l
Γ (K − L+ l + 1)∏mRP
n=1
(
Γ
(
kˇn + 1
)
Γ (n)kˇn
) ( 1
PRθRP
)Dˇ{kˇn}
Iˇ2. (56)
P0 =
Γ
(
mSP,
Ith
PSθSP
)
Γ (mSP)
+
e
− KIthPRθRP
Γ (mSP) (PSθSP)
mSP
∑
∑mRP
n=1 k´n=K
Γ (K + 1)∏mRP
n=1
(
Γ
(
k´n + 1
)
Γ (n)k´n
) ( 1
PRθRP
)D´{k´n}
×ID´{k´n}+mSPth B
(
D´{k´n} + 1,mSP
)
× 1F1
(
mSP; D´{k´n} +mSP + 1;−Ith
(
1
PSθSD
− K
PRθRP
))
. (58)
P0 =
Γ
(
mSP,
Ith
PSθSP
)
Γ (mSP)
+
e
− KIthPRθRP e−Ith
(
1
PSθSD
− KPRθRP
)
Γ (mSP) (PSθSP)
mSP
∑
∑mRP
n=1 k´n=K
Γ (K + 1)∏mRP
n=1
(
Γ
(
k´n + 1
)
Γ (n)k´n
) ( 1
PRθRP
)D´{k´n}
×ID´{k´n}+mSPth B
(
mSP, D´{k´n} + 1
)
× 1F1
(
D´{k´n} + 1; D´{k´n} +mSP + 1; Ith
(
1
PSθSD
− K
PRθRP
))
. (59)
where ck = ηk piSDpiRD + 1. Hence,
DIDL =lim
P→∞
−
log
(∑K
k=0
(
K
k
)( aP−1−1
bPδ−1+1
)k
ck
)
log (P )
= 0, (68)
regardless of the exact value of 0 ≤ δ ≤ 1, since P IDLout (P ) is
finite and not a function of P as P →∞.
C. MHDF-IDL/DT
Setting PS = PR = P and x = η for Rayleigh fading yields
P IDL/DTout (P ) =
K∑
k=0
(
K
k
)( −e− aP
bP δ−1 + 1
)k (1− e− dkP )
ck
≈
K∑
k=0
(
K
k
)(
a− P
bP δ + P
)k
η
piSD
1
P
=
η
piSD
1
P
(
1 +
a− P
bP δ + P
)K
=
η
piSD
1
P
(
b+ aP−δ
b+ P 1−δ
)K
, (69)
with dk = η
(
ηk
piRD
+ 1piSD
)
, dkck =
η
piSD
, while (69) follows
from the binomial theorem. Hence, the diversity gain is given
by
DIDL/DT = lim
P→∞
−
log
(
η
piSD
1
P
(
b+aP−δ
b+P 1−δ
)K)
log (P )
= K(1− δ) + 1. (70)
TABLE I: Diversity order of Full-Duplex Relay Selection
Protocols with K Relays
Protocol/Scenario Diversity Order
MHDF
NDL K(1 - δ)
IDL 0
IDL/DT K(1 - δ) + 1
SDF K(1 - δ) + 1
D. SDF
Under Rayleigh fading with PS = PR = P , we have
PSDFout (P ) ≈
K∑
k=0
(
K
k
)(
− e
− aP
bP δ−1 + 1
)k
1− e− pkP
qk
≈
K∑
k=0
(
K
k
)(
− 1−
a
P
bP δ−1 + 1
)k
x
PSpiSD
1
P
, (71)
where pk = x
(
1
PSpiSD
− kPRpiRD
)
and qk = 1−k PSpiSDPRpiRD , using
the same approximation for large P . Clearly, this yields the
same diversity order of the hybrid IDL/DT protocol. That is,
DSDF = K(1− δ) + 1. (72)
The derived diversity results are summarized in Table I.
Discussion: As clear from the diversity results in (68) and
(70) for the IDL and IDL/DT, the lost diversity gain of
K(1− δ) due to treating the direct source-destination link as
interference in the MHDF protocol is interestingly recovered
only by simply considering the direct link as a possible
diversity branch, which also adds an additional diversity order
to yield K(1 − δ) + 1. This is due to the fact that, by
considering DT, the direct link interference realizations are
now confined only to the lower range from 0 to the outage
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threshold, while all higher-value realizations are utilized in
direct transmission. Also, comparing (70) and (72), we find
that such a hybrid MHDF-IDL/DT full-duplex relay selection
protocol offers the same diversity order of the SDF protocol
which jointly exploits the relayed and direct paths instead
of treating one as interference. Hence, although SDF still
yields better error performance, IDL/DT may still offer a close
performance as the number of available relays increase, and
hence, it may be favored for employment in relay selection
scenarios at high SNR due to its simpler decoding approach.
VI. NUMERICAL RESULTS AND COMPARISONS
We numerically evaluate the performance of opportunistic
FDRS in underlay cognitive networks, and verify the theoreti-
cal findings derived in previous sections. All numerical results
are evaluated by averaging over 107 sets of channel realizations
with the parameters summarized in the caption of each figure.
Also, for clarity of presentation, solid lines with unfilled marks
are used to plot the theoretical results, while the same filled
marks with no connecting lines are used for simulation results.
Hence, curves with solid lines and filled marks indicate perfect
matching between theoretical and simulation results.
We compare the derived and numerical results of the studied
FDRS protocols to those of HDRS systems, exploiting the
direct link whenever it exists, either using maximum-ratio
combining (MRC) or SDF protocols. The results for MRC-
HDRS can be found in the literature, for instance in [40], [41],
while that of SDF-HDRS, in addition to the incorporation of
the primary receiver interference limit, can be easily derived
using similar approaches to those in the presented manuscript.
When comparing fixed-rate half-duplex and full-duplex coop-
erative systems, we can either compare the outage performance
or the end-to-end throughput. In outage performance compar-
ison, the rate loss in HDR is captured via a doubled source
rate. On the other hand, when throughput is compared, both
full-duplex and half-duplex systems use the same source rate
as that of DT, while the HDR rate loss is accounted for in
the final throughput calculation via a multiplicative factor of
half. The aforementioned approach is adopted throughout this
section. Specifically, for fixed-rate transmission, the end-to-end
throughput, T , is obtained simply as
T = R(1− Pout) bpcu, (73)
where R is the fixed source transmission rate in bits per
channel use (bpcu), and Pout is the end-to-end outage prob-
ability when the source rate is equal to R. For half-duplex
cooperation, the throughput expression is simply modified to
T HD = 1
2
R(1− Pout) bpcu. (74)
A. Throughput vs. Source Rate
In Fig. 2, we plot the end-to-end throughput versus the
source rate, for the non-cognitive and cognitive settings in
Fig. 2a and Fig. 2b, respectively. As shown in Fig. 2a, FDRS
offers a remarkable throughput gain compared to HDRS. It
can be noticed that HDRS starts to offer higher throughput
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(a) Non-cognitive setting.
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(b) Cognitive setting, with Ith = 3 dB.
Fig. 2: Throughput vs. rate, for (piSR, piRD, piRR, piSD, piSP,
piRP) = (15, 15, 3, 5, 0, 1) dB, (mSR, mRD, mRR, mSD, mSP,
mRP) = (2, 2, 2, 2, 1, 1), δ = 1, PS = PR = 1, and K = 3.
only when the source rate considerably increases, which causes
the adverse effect of the RSI to increase for FDRS while it
is absent for HDRS. It can be also noticed that the hybrid
IDL/DT protocol uniformly outperforms that of IDL due to
exploiting the direct link, while SDF outperforms the other
FDRS protocols whether in the presence or the absence of a
direct link. In cognitive settings, as depicted in Fig. 2b, the
throughput gain still exists relative to the HDRS protocols,
although the throughput is scaled down for all protocols due
to the interference constraint imposed by the primary receiver.
It should be also noticed that the hybrid IDL/DT gives a very
similar performance to that of SDF at lower values of the
source rate. Next, we investigate the relative gains by varying
the number of cooperating relays.
B. Throughput vs. Number of Relays
The end-to-end performance is shown in Fig. 3 while vary-
ing the number of available relays. In Fig. 3a, the throughput
gain due to the use of FDRS is obvious for both settings where
a primary receiver exists or not. The figure also emphasizes
the finding that the hybrid IDL/DT may offer a similar perfor-
mance to that of SDF. The outage performance is also shown
in Fig. 3b.
11
0 1 2 3 4 5
0
0.5
1
1.5
2
Ith = 3 dB
No. of Relays
T
hr
ou
gh
pu
t
(b
pc
u)
IDL-FDRS
IDL-FDRS/DT
NDL-FDRS
SDF-FDRS
MRC-HDRS
SDF-HDRS
(a) Throughput vs. K.
0 1 2 3 4 5
10−4
10−3
10−2
10−1
100
Ith = 3 dB
No. of Relays
O
ut
ag
e
Pr
ob
ab
ili
ty
IDL-FDRS
IDL-FDRS/DT
NDL-FDRS
SDF-FDRS
MRC-HDRS
SDF-HDRS
(b) Outage probability vs. K.
Fig. 3: Performance vs. K, for (piSR, piRD, piRR, piSD, piSP,
piRP) = (15, 15, 5, 5, 0, 1) dB, (mSR, mRD, mRR, mSD,
mSP, mRP) = (2, 2, 2, 2, 1, 1), δ = 1, PS = PR = 1, and
R = 2 bpcu.
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Fig. 4: Outage vs. P , for (piSR, piRD, piRR, piSD) = (10, 10, 3,
0) dB, (mSR, mRD, mRR, mSD) = (1, 1, 1, 1), PS = PR = 1,
K = 3 relays, and R = 2 bpcu.
C. Outage vs. Transmit Power
We show in Fig. 4 the outage performance of the studied
protocols while varying the transmit power, PS = PR = P .
This readily shows the offered diversity order of the cooper-
ative protocols by comparing the slope of each. The diversity
order of the HDRS clearly does not depend on the value of δ,
with the MRC protocol achieving a diversity of order K = 3
while the SDF protocol attains a diversity order of K+1 = 4.
As derived in the previous section, the MHDF-IDL-FDRS
protocol suffers from an error floor indicating a zero diversity
order regardless of the scaling trend of the RSI link with
the relay’s power. The MHDF-NDL-FDRS protocol performs
better as it does not suffer from direct link interference, yet
it still suffers from an error floor for δ = 1. When δ = 0,
MHDF-NDL-FDRS achieves a diversity of order K = 3.
For the hybrid IDL/DT protocol, the diversity order is
significantly enhanced for δ = 0 from 0 to K + 1 only by
leveraging the direct link as a diversity branch on its own,
even while still considering it as interference to the relayed
paths. It is also enhanced from 0 to 1 for δ = 1. This result is
due to the fact that the outage event caused by the direct link
to all the relayed paths due to its large realizations is not only
eliminated, but also successful communication can take place
via DT. Hence, only low realizations of the direct link can
now contribute to the outage of the relayed paths, limiting the
denominator of the SINR for each, and recovering the diversity
of each path to an order of 1, in addition to that offered by the
DT itself. When δ = 1, however, each path still suffers from an
error floor due to the persistence if the RSI effect, and hence
only a diversity of order 1 is offered due to DT. It is clear that
SDF-FDRS offers the same diversity order for similar reasons,
although it also leverages the direct link information even in
the cooperative mode yielding a better error performance.
VII. CONCLUSION
In this work, exact performance analysis was performed
for opportunistic DF FDRS, taking the RSI of the relays
into account. More specifically, the exact CDF of the end-
to-end SNR was derived considering Nakagami-m fading
channels. Moreover, the performance of FDRS techniques was
analyzed in underlay networks where a primary user dictates
an interference threshold that cannot be exceeded by the
secondary transmissions. The performance is analyzed for both
relaying settings where either coverage extension or throughput
enhancement is targeted. The derived exact analytical results
are shown to perfectly match with those obtained via numerical
simulations. Moreover, the paper’s findings confirm recent
results in AF FDRS which show that an error floor exists at
high SNR regimes in coverage extension scenarios where no
direct link exists. Nonetheless, a diversity order of 1 can be
still maintained in the existence of a direct link for simple
protocols that treat the direct link as interference to the relayed
paths, while a diversity of order 2 can be offered by selective
FDR. These low diversity order values apply only when the
RSI is linearly scaling with the relay’s power. In the case
of constant scaling, which agrees which some state-of-the-art
adaptive suppression/cancellation techniques, a diversity order
equal to the number of relays can be maintained.
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